Seventeen patients with partially calcified intracranial lesions, as documented by CT, were evaluated with MR imaging at 1.5 T. All patients were imaged with both conventional spin-echo techniques and reduced flip-angle gradient-echo-acquisition (GEA) sequences, during which a signal is acquired in the absence of a 180 0 radiofrequency pulse. GEA parameters were implemented so that T2* effects were maximized on these scans. In all 17 patients GEA images showed marked hypointensity throughout the entire area of calcification, matching the calcified region as seen on CT. In contrast, spin-echo findings in the calcified portions of the lesions were extremely variable, precluding confident identification of calcification on these images. The depiction of regions of calcification as marked hypointensity on GEA images can be ascribed to T2* shortening from static local magnetic field gradients at interfaces of regions differing in magnetic susceptibility, a phenomenon that is well documented in vitro, when various diamagnetic solids are placed in aqueous suspension. However, we cannot exclude the possible additional role of accompanying paramagnetic ions, which sometimes are present with diamagnetic calcium salts in various intracranial calcifications. Since the hypointensity due to calcification on GEA images is not specific, noncontrast CT could be used to confirm its presence.
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Although this lack of specificity and the artifacts that emanate from diamagnetic susceptibility gradients at or near air-brain interfaces somewhat limit the application of GEA techniques, we suggest that rapid MR imaging using GEA sequences can consistently demonstrate intracranial calcification, and that this technique thus seems to be a useful adjunct to conventional spin-echo imaging.
Although spin-echo (SE) MR imaging has rapidly evolved into the most sensitive imaging technique for detection of most intracranial diseases [1, 2] , one of its deficiencies lies in its well-recognized inability to detect calcification consistently [1] [2] [3] [4] . Since the detection of calcification within certain intracranial lesions can provide important differential information, and because CT is highly sensitive for calcification , this has been regarded as a limitation of MR , both as a screening tool for certain diseases and as an aid to specific diagnosis.
Recently, investigators have used gradient-echo signal acquisition (GEA) rather than conventional SE techniques to maximize the detection of lesions having magnetic susceptibility differences, since T2* effects due to static field gradients created by these susceptibility differences are rephased by the 180 0 radiofrequency pulse used in SE sequences [5] [6] [7] [8] [9] . This technique has been especially useful in demonstrating previously undetectable signal intensity information from SE MR imaging at low to mid-field strengths [5, 8] . Furthermore, it is well documented in vitro that the introduction of various particulate solids into suspension creates abrupt magnetic susceptibility gradients that change static local magentic fields slightly, and consequently shorten T2* [10] [11] [12] [13] [14] . Early in our experience with reduced flip-angle GEA rapid MR imaging, we noted that calcified choroid plexus was consistently and markedly hypointense on GEA images, whereas these same areas were usually not delineated by SE images (Fig . 1 ). This observation prompted our study, in which we assessed the utility of in vivo GEA rapid MR imaging at 1.5 T for the detection of calcification within intracranial lesions.
Subjects and Methods
Seventeen patients, ages 3-83 years, with CT-documented partially calcified intracranial lesions underwent MR imaging . All patients were studied with both conventional SE and GEA pulse sequences at 1.5 T on a General Electric Signa system. SE pulse sequences were used with both short repetition time (TR) (TR = 600 msec) and long TR (TR = 2500-3000 msec). Echo times (TE) ranged from 20-120 msec in these sequences. GEA sequences used TR of 200 (eight patients), 250 (one patient), or 750 (eight patients) msec, with TE of 50 msec and flip angle of 10° in all patients, so that contrast was based mainly on T2* differences (6) . GEA sequences used either sequentially acquired single-slice techniques with gradient-recalled acquisition in the steady state (GRASS) (15) or multisection acquisition partial saturation (PSI) (16) sequences. TR was limited to 250 msec in the sequential acquisition GRASS sequence to reduce total scan time, while a longer TR was used in the multisection acquisition PSI technique for purposes of improving signal/noise (without adding prohibitively to scan time).
Focal regions of calcification within all lesions were diagnosed on the basis of their appearance on CT. In all 17 cases, focal areas of calcification as documented by CT were compared with the appearance of these same regions on both SE and GEA MR images. All images were reviewed with both CT and MR studies present for comparison .
Results
Calcified portions of the lesions were defined on the basis of their CT appearance. Sixteen of 17 lesions seen on CT were depicted by SE MR . The exception was an enhancing parietooccipital lobe with finely stippled calcification on CT in a patient with Sturge-Weber syndrome, whose SE MR demonstrated only malformed white matter but failed to show focal abnormal signal intensity. All 17 lesions were depicted clearly by GEA MR images.
In the 17 patients, SE images were extremely variable in their depiction of the calcified areas of the lesions. In 10 cases , the calcified regions were of variable or mixed signal intensity on SE sequences, not clearly separable from noncalcified portions of the lesion (Fig. 2) . In two cases , parts of the calcified areas were equally hypointense on all SE sequences, but only in a small portion of the CT-documented calcified region (Fig. 3) . In four cases , equal hypointensity on all SE sequences was demonstrated throughout nearly the entire area of calcification (Fig. 4) . In one case, high signal intensity was present in the area of calcification on all SE sequences (Fig . 5) .
In all 17 cases , GEA images demonstrated marked hypointensity throughout the entire area of calcification as seen on CT (Figs. [2] [3] [4] [5] . This hypointensity closely matched the region of calcification demonstrated by CT. In all cases in which SE images demonstrated hypointensity in portions of the calcified areas, the hypointensity was more pronounced and/or more extensive on the GEA images.
Discussion
The property of magnetic susceptibility of a material is determined by that material 's magnetic response to an applied constant magnetic field. When placed in such a field , all tissues respond with an induced magnetic field of their own, the magnitude and direction of which vary among different tissues. Most human tissues are diamagnetic ; that is, the induced field is weakly opposed to the applied magnetic field . Paramagnetic materials (e.g., hemosiderin , ferritin) respond with a magnetic field that weakly augments the applied field , while ferromagnetic materials respond with an induced field as strong as or stronger than the applied field , also in the same direction of that applied field [17] .
The implementation of MR signal acquisition using gradient refocusing instead of the 180 0 pulse used in conventional SE sequences has enhanced the sensitivity of MR imaging for the detection of lesions having magnetic susceptibility variations , some of which were not easily detectable by SE MR imaging at low to mid-field strengths [5] [6] [7] [8] [9] . The success of this technique is based on the exploitation rather than the suppression of T2 * effects, which are intentionally rephased by the 180 0 pulse in SE sequences [18, 19] . The signal loss occurring in GEA sequences that is not demonstrated by SE sequences can be attributed to variations in either static local magnetic susceptibilities or applied magnetic field (Bo) inhomogeneities. In the face of local magnetic field gradients, rapid dephasing of protons due to T2* decay occurs. This results in signal loss when gradient reversal is used to generate the echo for signal acquisition. In contrast, the 180 0 pulse in the SE sequence recovers T2*-based signal decay [18, 19] ; in fact , the SE pulse sequence was designed for that purpose. The sensitivity of gradient refocused pulse sequences for the detection of magnetic susceptibility effects (i .e., T2* effects) is increased by lengthening TE [5, 6] ; T1 contrast dependence is reduced by decreasing the flip angle [6] ; imaging time is shortened by reducing the TR [6] . Therefore, images that are highly dependent on T2* contrast can be acquired in a relatively short time by imaging with gradient refocusing using short TR, long TE, and short flip angle [6, 7, 15] .
Many investigators have noted an alteration in local magnetic fields when various particulate solids are introduced into suspension in vitro [10] [11] [12] [13] [14] . The cause of this effect lies in the diamagnetic susceptibility gradients that occur at the interface of these solid particles and water protons. This produces local field gradients, which cause rapid proton precessional phase dispersal and consequent net intravoxel A o phase cancellation (i.e ., T2* shortening) and, therefore , signal loss. Similar mechanisms are responsible for signal drop-off at or near air-brain (i.e., paranasal sinus-brain) interfaces (Fig. 6 ) and at the boundaries of intraparenchymal hemorrhage [5 , 7,9,15] . This mechanism of intravoxel proton dephasing is distinctly different from true T2 shortening from varying local field inhomogeneities experienced by diffusing water protons during the interecho time of a 180 0 pulse SE experiment, which varies as the square of the applied magnetic field [20, 21] and cannot be reversed by the 180 0 pulse. T2* effects are linearly related to the applied magnetic field , and therefore magnetic susceptibility effects would theoretically be more prominent at higher applied field strengths [5] .
In our series , focal calcifications within intracerebral lesions were consistently displayed as focal areas of markedly low signal intensity on GEA scans. In contrast, as has been repeatedly documented in the literature [3 , 4] , SE signal intensity patterns were extremely variable in these same areas, so that no reliable documentation of calcification was AJNR :9, March/April1988 IS nYPointense throughout most of the area of calcification on both short TRITE (B) and long TRITE (C) spin-echo MR images. Note that hypointensity is more profound and extensive on gradient-echo-acquisition MR image (0), due to both an increased sensitivity to the more peripheral aspects of the calcified mass and possibly to a " blooming " effect from magnetic susceptibility differences between the lesion and adjacent brain.
A , Axial CT scan. one case . This trend was also noted in calcified choroid plexuses, where GEA images consistently demonstrated marked hypointensity, whereas SE sequences usually did not detect any signal intensity difference correlating to the pres-ence of CT-documented calcification (Fig. 1) . The depiction of calcification (a diamagnetic material) as marked hypointensity on GEA scans can be ascribed to T2* shortening from the previously described static local magnetic susceptibility gradients. It is not entirely certain, however, that the calcification itself in the true cause of the hypointensity in these cases . Intracerebral calcifications , including those found in choroid plexus, meningiomas, pineal gland, and Fahr disease have all been variably noted to be accompanied by the deposition of various cationic species (e.g., zinc, iron, copper, manganese, aluminum) [22] [23] [24] [25] . Therefore, although calcification is clearly present in our cases , we cannot exclude the possible role of accompanying paramagnetic ions in the production of T2* effects. In fact, in the case of the densely calcified corpus callosum glioma (Fig. 5) , the high signal intensity seen on all SE sequences leads one to suspect that accompanying paramagnetic material is probably present in that case, in addition to the biopsy-proved calcium salts. More significantly, though, regardless of whether the calcium or other concomitantly deposited species are the actual cause of the consistent hYPointensity on GEA MR images, we can now suggest the presence of calcification in these lesions without prior CT. The GEA MR appearance of calcification is not specific. Aside from calcification , GEA images demonstrate this same marked hypointensity at the boundaries of or in the substance of various stages of intracerebral hemorrhage (i.e., deoxyhemoglobin , methemoglobin, hemosiderin) [5] and at the borders of melanotic lesions [26] . This boundary effect [5] occurs at any interface of regions differing in magnetic susceptibility, including paramagnetic, diamagnetic, and ferro-magnetic substances. As previously mentioned, the SE technique eliminates the detectability of such static locally inhomogeneous magnetic fields by virtue of the 180 0 rephasing pulse [18 , 19] . SE images, on the other hand, depict intracellular paramagnetic species (such as deoxyhemoglobin or hemosiderin) as marked hypointensity on long TR/long TE sequences (preferential T2 shortening) [21] . This effect increases with many factors, including interecho time , the square of the applied magnetic field , and the concentration of the paramagnetic substance [21] . Dramatically increased hypointensity is therefore noted in these instances as one increases these factors [21] , and it can be seen by comparing long TR/long TE SE images with long TR/short TE and short TR/short TE SE images. Densely calcified lesions that are depicted as hypointensity by SE images differ from these blood-breakdown products in that these calcifications are equally hypointense on all SE sequences; that is, there is no detectable preferential T2 shortening at field strengths up to 1 .5 T. The lack of mobile protons in calcified regions has been proposed as the probable mechanism of this signal loss on SE images [2] [3] [4] . Therefore, it appears that the marked hypointensity preferentially seen on long TR/long TE SE images at 1.5 T is more specific than the marked hypointensity seen on GEA images. Furthermore, marked artifacts that obscure the inferior temporal lobes and subfrontal regions because of diamagnetic susceptibility gradients at or near air-brain interfaces preclude the use of this technique in its current form as a general screening method for detecting intracranial calcification . We suggest that the role of GEA MR imaging for the detection of intracranial calcification be that of an adjunct to conventional SE imaging.
In summary, calcification within intracranial lesions, although variable in appearance and unreliably detected by SE techniques , can be consistently demonstrated by GEA rapid MR imaging using short TR, long TE , and short flip angles. Calcified regions were markedly hypointense in areas that matched CT -depicted calcified portions of these lesions in 17/ 17 patients. In cases in which SE images demonstrated hypointensity in portions of the calcified area of the lesion, the hypointensity was more marked and/or more extensive on the GEA image. The hypointensity on the GEA image matching the calcified part of the lesion is presumably a reflection of T2* shortening by static local magnetic field gradients created by the presence of diamagnetic calcium crystal deposits, effects that are intentionally rephased by the 180 0 pulse of the SE sequence. We cannot exclude the possible role of potentially accompanying cations, which have been variably found by other investigators in the presence of many intracranial calcifications . The dramatic hypointensity on the GEA images is nonspecific, however, and can also be seen in the presence of intracellular paramagnetic bloodbreakdown products, such as deoxyhemoglobin or hemosiderin , at the boundaries of any intracerebral hematoma, in physiologic iron-containing areas of the brain , and indeed at the interface of any regions differing in magnetic susceptibility (e .g., melanin, air, blood , etc.). Chemical shift and some flowrelated artifacts are also hYPointense on GEA images. Noncontrast CT could therefore be used to confirm the presence of calcification in these cases . Furthermore, significant hypointensity arising from diamagnetic susceptibility gradients at or near air-brain interfaces limit the application of this technique at present to an adjunct to conventional SE imaging rather than as a general screening tool.
